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- Finitely conducting earth-image-theory techniques have been employed
to determine new formulas for the electric and magnetic fields produced by

. the four elementary dipole antennas for the air-to-air, surface-to-air, air-
to-surface, and surface-to-surface propagation cases. The only restriction
on the use of these formulas is that the index of refraction be large (i.e.,2 > 10). They are valid at any frequency and at any range for the flat-
earth case. These formulas reduce to previously derived results when either
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20. (Cont'd)

"-- (1) the measurement distance is much less than a free-space wavelength, (2) the
Sommerfeld numerical distance is small, or (3) the measurement distance is much
greater than an earth-skin depth.

Iii terms of computer time, these new formulas can be evaluated in
fractions of a minute comparej with hours for the complete numerical eval-
uation of the exact Sommerfeld integrals.

These formulas are intended to supplement the author's recently derived
subsurface-to-subsurface and air-to-air propagation formulas.
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GLOSSARY OF SYMBOLS

sin i + AF(w)

sin + A (12 (i~k)W

sin2 p-A 2F(w) +
B 5jl + A ( 2 + sin I - 1=AF(w) sin 01 AA

D (p2 + h2) 1/2 (meters)

Di [p 2 + (d + h)2]1/2 (meters)

d - 2/y, for 1n2 1 >> 1, complex image depth (meters)

EP lHorizontal electric-field component in the p direction (volts/meter)

horizontal electric-field component in the 0 direction (volts/meter)

F, Vertical electric-field component (volts/meter)

F(w) Or F(w 0 ), Sommerfeld surface-wave attenuation factors

h Height (h > 0) of transmitting antenna with respect to earth's
surface (meters)

lIf!D Horizontal electric dipole

I 'HD Horizontal magnetic dipole

II;, Horizontal magnetic-field component in the p direction (amperes/meter)

If,:) Horizontal magnetic-field component in the 0 direction (amperes/meter)

I. Vertical magnetic-field component (amperes/meter)

I Current (amperes)

J0 (Ap) Bessel function of the first kind, order zero, with argument Ap

m Magnetic dipole moment (ampere-meters 2 )

n y1/yO, index of refraction

p Electric current moment (ampere-meters)

R (p2 + Z2)1/2 (meters)

[p2 + (z - h) 2 ]1/ 2 (meters)
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R [p2 + (z + h) 2 11/ 2 (metecs)

R [p 2 + (d + z + h) 2 ]1 / 2 (meters)

!• R. [P2  (d + z) 2 ]i/ 2 (meters)

t Time (seconds)

W Y2 '•/ 2 (meters- 1 ) (air)

u1 -X2 + 2 )11 2 (meters- 1 ) (earth)

VED Vertical electric dipole

V MD Vertical magnetic dipole

w Or W., Sommerfeld numerical distances

z Height (z > 0) of receiving antenna with respect to earth's
surface (meters)

sin -

for in 2 1 >> 1, Fresnel refiection co,5ficient for
hs O + L 'vertical polarization

y (- 2O = i2ir/XO upper half-space (air) propagation
0 (W100 0 constant (meters- 1 )

i (1iw; 0, - W•2ýE )1"2, lower half-space (earth) propagation

constant (meters-!)

Yhr.

2 WIEz + I skin depth in the water
Ik 1  ) or earth (meters)

E0 = 10-9/3b6 farads/meter, permittivity of free space

El Permittivitv of lower half-space (earth) (farads/meter)

A Dummy integration variable in the basic Sommerfeld integrals (meters-1)

i k 0 Free-space wavelength (meters)

p (X2 + y'2) 1I 2 , radial distance in a cylindrical coordinate
system (meters)

oi (p 2 + d2 ) 1/ 2 (meters)

01 Conductivity of the lower half-space (earth) (Siemens/meter)

* tan-l(y/x), azimuth angle in a cylindrical coordinate system

iv
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= 47 x 10- 7 henries/meter, permeability of free space

tan-l(z/p) or tan-l(h/p), elevation angle

tanil('d +z or tan1 (d +-h) or tan'-1~ elevation angle

*•0 tan-i(_Z- h), elevation angle

1 tan-I + h), elevation angle

" tan-I + z + lL, elevation angle

,, 2rf radiasis/secoid,& angular frequency

i

v/vi
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EXTENSION OF FINITELY CONDUCTING EARMT-IMAGE
THEORY RESULTS TO ANY RANGE

INTRODUCTION

During the past several years, finitely conducting earth-image theory
techniques have proved quite useful in determining the quasi-static fields of
antennas located near the earth's surface for both single-layered and multi-
layered earths. (For detail references, see Bannister.l,2) The quasi-static
range is defined as that range where the measurement distance is much less
than a free-space wavelength.

* iPhysically, the essence of the quasi-static-range finitely conducting
earth-image theory technique is to replace the finitely conducting earth by a
perfectly conducting earth located at the (complex) depth d/2, where d = 2/y 1
and y1 = [iwo 0(aj + iwc 1 )] 1/ 2 is the propagation constant in the earth (see
figure 1 for the image-theory geometry). Analytically, this corresponds to
replacing the algebraic "reflection coefficient," (u 1 - X)/(u 1 + A), in the
exact integral expressions with exp(-Xd). where X is the variable of integra-
tion. 3 For antennas located a* or above the earth's surface, the general
image-theory approximation is valid thro,,ghout the quasi-static range.1,2

Recently2 , 4 we have shown, for horizontally polarized sources, that
finitely conducting earth-image theory techniques are not limited to the

RECEIVER

SC~uROE" T

I 
I

i, z
EARTH

VR 
d/2

D~d+h /

I4AGE

Figure 1. Image-Theory Geometry
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quasi-static range alone. That is, by replacing the horizontally polarized
algebraic "reflection coefficient," (u1 - u0 )/(u 1 + uo), with exp(-uud), we
demonstrated that finitely conducting earth-image theory techniques can be
utilized at any range from the source. MohsenS has validated and extended
these results to include higher-order terms that correspond to multiple images
at the same location., Mahmoud and Metwally, 6 employing discrete and discrete-
plus-continuous images, have computed satisfactorily the change in the input
impedance of a vertical magnetic dipole (VMD) due to the presence of the earth,

We have also recently shown 7 , 8 that, for small Sommerfeld numerical dis-
tances, nearfield and farfield range f'nitely conducting earth-image theory
techniques can also be employed for determining the fields produced by hori-
zontal electric dipole (HED) and horizontal magnetic dipole (IND) antennas
(which are a combination of vertically and horizontally polarized sources.

It is the purpose of this report to extend the use of finitely conducting
earth-image theory techniques to any range and to present new formulas for the
electric and magnetic fields produced by the four elementary dipole antennas
for the air-to-air, surface-to-air, air-to-surface, and surface-to-surface
propagation cases. The only restriction on the use of these formulas is that
112  > 10, where n = yl/yO, They are valid at any frequency and at any range

for the flat-earth case., These formulas reduce to the author's previously
derived results when either (1) the Sommerfeld numerical distance is small, 7 ,8

(2) the measurement distance is much less than a free-space wavelength, 1 , 2 or
(3) the measurement distance is much greater than an earth-slin depth. 9

In this report, the four elementary dipole antennas [vertical electric
dipole (VED), VMD, tIED, and HMD] are situated at height h (h > 0) with respect
to a cylindrical coordinate system (p,ý,z) and are assumed to carry a constant
current, I. The axes of the VED and HED (of dipole moment p) are oriented in
the z and x directions, respectively, while the axes of the VMD and IND (of
dipole moment m) are oriented in the z and y directions, respectively. The
earth, which is assumed to be a homogeneous medium with conductivity ao and
dielectric constant c1 (= erco), occupies the lower half-space (z < 0) and the
air occupies the upper half-space (z ý 0). The magnetic permeability of the
earth is assumed to equal ,,, the permeability of free space, Meter-kilogram-
second (MKS) units are employed and a suppressed time factor of exp(iwt) is
assumed.

AIR-TO-AIR PROPAGATION DERIVATION PROCEDURE

As an example of our derivation procedure, consider an HED source. When
h and z are >0, the Sommerfeld integral expressions for the HED Hertz vector
are1O_12 -

ax= L e- + 2f e +hu jo(k) Xd (1)
4wiwic 0  R1  0 1  0

and

2
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I (ui - UO) -u 0 (+h(2)

liz- I2u+ y~ A JioXp)XdX (2
4i0 1 U 0 1

where

R2 = p2 + (z - h)2,
0

R2 = p2 + (z + h)2,

U2 = X2 + y2,

0 02U2 = N2+ 2yip

Y 2 = -w2u0•0, and

Y2 = iWUo(aI + iWEl,.

1 0(01 1

From equations (1) and (2), utilizing the identity (u, - u)(u 1 + u0 )u
2 2S-O we have

OR, 2y~ -u 0(z+h)

S. • =O p. os e 00Y 0 y

7ii~ E2 + Jtu J(Xp)Ad] (3)

For 1n21 >> 1, we have shown that 2 4,7,8

U1  u0 -uod 4)
U1 + U0

and

I u, - u,\ 2u, - I -u~ (5{)
1 I( U + U 0o

where

If we use equations (1) and (5) and Sommerfeld's integral,11

•~~c ' 0 zh~ 0 RI

- SI = euO *(Xp) A-u dXz= e-YO- - (7)

0 u 0  
(7),

results in 2 ,7,8

3

7 k r. ... . ." .- •
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ý'oRo 0 - R 1 -YoR1 -2ýR2ý

~~-Ile ~ J~R yR -1R411i.JL0\ R0  R R

4, ~ -Yo\R R,

where Rý P + (d + z + hj'. This equation is valid at any range from the

source.

Since 2= 1/n/, equation (3) can be rcwritt= -- s

TO'~~O Ylrw; n
+ - pCos le _C'

, V-, " W x 3 R R + 1I , (9)

where

V_-u (+h)

1DIV = u, + jjiu "l,/IdX (10)

Since

i U + g"u uU + u U A 2U ) (11)

S1~ - 0  1 0 ~ 1 j C) U4 0 G

then, from equations (7) and (11),

$~u 1 (z+h)

IDIX, f 2 2K 1 + (...2)..

0smal So ,. -

merafeld ] term to account
= numerical for largerFdical numerical l

distance Idistances
term L ns

Since In2 1 >> 1 (jA21 << 1), we can set the function u1 in the second

term of equation (12) equal to the propagation constant in the earth.

6ie, efore,

SA 2 y 1  (13)

and

4
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•-2R ( o~euO (z+h)+

Y 0Oe 1 y 1
IDIV - 2Le Jo(AP) xaJ

2 A2 eYR1 ) 0((14)a (14)

Sinc A' << 1,te"t

Since IY0Aj < 1, the integral P will be of importance only when IyOR11
>> 1. WaitlO,1 3 has shown that, when In2 l >> 1 and IyoR11 >> 1,

PA )[I - F(w)] e-YR(5
P sin ýj + A) R1 15

where

F(w) - I i(iTw)1/2e-Werfz(iwI/2) (16)

is the Sommerfeld surface-wave attenuation function, sin = (z + h)/Rl, and

-yoR
0 (sin 41 + A)2  (17)

is the Sommerfeld numerical distance. For small numerical distances F(w) - 1,
while for large numerical distances and negative arguments, F(w) - -1/(2w).

For In24 >> 1, the Fresnel reflection coefficient for vert±cal polari-
zation reduces to

sin AP - A

sin ýi + A

Since

(19)
2 sin 1 + A

equation (15) can be rewritten as

P 1[l - F(w)] e- (20)
S 2RI

Therefore, from equations (14) and (20),

2A2eYOR (1 - w)]l 2A2AeYO2
IDIV - I 1  - F(w)] = (21)

5
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where

A I1 k 2L F(w)]

(22)
(1 1 + r, 1\ (sin + AF'w)

\ 2 2 Ftw) = 2sin ý + A

Thus, from equations (9) and (21),

-• p cos* 3.(Ce'2R0 e-'0RI 2A2 Ae-(23)
4 TTiwc 0o p Ro R-1 R,

Another factor that we will encounter in the derivation of the field-
strength components is the factor B, which is

= sin - AA = ( 2Isin apj - AF(w)

(24)
sin2  1 - A2F(w)

sin ýj + A

For small numerical distances (i.e., F(w) - 1), A - 1, and B - sin 41 - A.

Furthermore, for sin ,1 >> IAI, A I and B - sin *j- When sin *1 is compa-
rable to or less than 6, the horizontal distance p will be much greater than
the sum of the transmitting and receiving antenna heights (z + h)-. In thelimit as ,1 approaches zero, A - F(w0) and B - -AF(w 0 ), where

F(wo) - 1 - 1/2 lwOerfc(iw0  ) (25)

and

w0  YO y)A 2  (26)

2

For this case (i.e., p2 >> (z + h) 2), Waitl 0 , 1 3 has shown that F(w) can
be replaced by

F(w) - 11 + yoA(z + h)IF(w0 ) (27)

and we can make use of his tabulated results1 3 of the function F(w0 ).

Since the factor A (equation (22)) is different from unity only when (1)
the angle 'p. is very small and (2) the Sommerfeld attenuation function F(w)
is different from un.ty, A is only a farfield surface-wave term. Therefore,
we can discard all derivatives of A that are not farfield terms. For example,
when In2I >> 1 and IA sin *11<< 1,

6

I <
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a Ae-- R = -A( + R)COS Ie-YOR I e-YoRi x 3A
a1 0 1 RZ RI 'p

- -A(1 + yoR1 )cos P1 C -YOR (28)

-yOR1
-(I + YoRIA)cos *1 e-R

Therefore, from equations (23) and (28),

Cos e -Yolk

41T i ( 0 Ro)COs o R20 0
0 O (29)

-(1 + YuRI)COS + 2 cos ei 1 (1 + RS2 2R YoR2ASR I n 2 R

which is ideptical to equation (39) of Bannister. 9

werhvom equation (1]), utilizing the identity (u 1 - Uo)(u 1 + uo) = y - 2
Swe have1 0 1 0 1 0.

SuI - u 0  A2  (30)

y•Uo 4- y�u 1  Uo(U0 + 0 u ) UO(uN + A2 u1 )

Therefore, equation (2) reduces to

uo(z+h)- -Uo(Z+h)
[z = p Cos @x • _e J0(Xp)XdX - 2 A2 f e ---- Jo(XP)Xd (31)c4siw 0 uIU + Uo) - u0(U0 + A(u3)

= [smali Sommerfeld numerical] + [term to account for

Ldistance term Jlarger numerical distances]

Equation (31) is equiralent to

11Z p cos * x 21 - 122) (32)

where

121 f (__ u0(z+h) 2 (33)
0 ( 1 0

Fu +____________0
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and

-u (z+h)
122 = 2A2 e-Uo jo(½)AdX (34)

fUorin + A2B1

0 0

Since

•I22 O f U O(Zuh)J(X 2)•O d: ;3 5 )

fJVu i +u J
0U

and

2U e-e u 0 d

u + u

then,

f -ud (z+h) ---XO2  (36)

0 l - c ) e -u J uAb) d A

Bannister 7 , 8 has shown that

-2 1 i -'[sin 2 e - (sin ýp Yod)e Y 1 (37)

which, after some manipulation, can also be expressed [utilizing equation

(A-8)] as

3121 Cos p2 e -YR2 (1 + y 0 d)cos 1(__ ._(38)

3o R2 + d + z + h RI + z + h

where sin = (z + h)/RI, cos = p/R 1 ' sin *2 = (d + z + h)/R 2 , and

cos *2 = p/R 2"

If we follow the same procedure as in the derivation of V • , equation

(34) reduces to

I22 2A2f - O I 7A) Jo(Xp)XdX
0

(39)

2A 2 p 2P- =. . dP
YOA yI

8
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and, retaining only terms in h/R, we have
•I/1-r\t, 0 R

YO dP cos I = YO d cos 2- [1 F(w)]e-YOR1 (40)

ýP RI

'lherefore, from equations (22), (12), (37), and (40),

z ~ p cos S sin 22 e-YOR2 - sin pe -Y°R 141iweop

(41)

+ Y0 de-YOR1(sin2 p 1 + A cos2 1 )]

Since we have now derived expressions for the HED Hertz vector [equations
(8), (29), and (41)], the fields in air can be obtained from

Y - 2f + _ * _+
(42)

H iW c0( ) .R)

If we follow the same procedure as outlined above, we also can obtain
suitable expressions for the HMD, VED, and VM4D Hertz vectors. The resulting
HED, HMD, VED, and VMD field-component expressions for the air-to-air propa-
gation case are presented in tables 1 and 2.* They are strictly valid for
n1n2 1 >> 1. However, for most cases, the requirement that In21 > 10 is suf-

ficient.,

These formulas reduce to the author's previously derived results when
either (1) the Sommerfeld numerical distance is small, 7 , 8 (2) the measurement
distance is much less than a free-space wavelength, 1 , 2 or (3) the measurement
distance is much greater than an earth-skin depth. 9 When a1 -* c, d -÷ 0,

A - 0, n r,, - 1, R, - R1 , F(w) - 1, A - 1 and the formulas reduce to
well-known equations for propagation over a perfectly conducting flat earth.
For convenience, these equations are listed in tables 3 and 4.

It should be noted that the VED Ez and H and HMD Ez field-component

expressions presented in tables 1 and 2 were tirst derived by Norton. 1 4 ,1 5

Also, all VMD components, as well as the HED and HMD Hz components, are ident-

ical to the author's previously derived results. 2 ,7, 8 For the sake of conven-
ience, we have tabulated them in this report. In these tables (tables 1
through 4), sin *0 = (z - h)/Ro, cos 0= p/Ro, sin 1= (z + h)/R,, cos =

p/R1, sin 2= (d + z + h)/R 2 , and cos = P/R2 "
2 2-

*All tables have been placed together at the end of this report.

9
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SURFACE-TO-AIR PROPAGATION

The HED, HMD, VED, and VMID field-component expressions for the surface-
to-air propagation case (h = 0, z > 0) can be obtained from the air-to-air
propagation equations (tables I and 2) simply by setting h 0. The resulting
equations are presented in tables 5 ind 6. In these tables, R2  + Z[- R2 = p 2 

+ (d + z) 2 , sin - z/R, cos p = p/R, sin i = (d + z)/R., and cos V,.

p/Ri. These formulas are strictly valid for 1n21 >> 1. However, for most
cases, the requirement that In2 l > 10 is sufficient.

Image-theory expressions for the subsurface-to-air propagation case can
be obtained from the surface-to-air propagation equations (tables 5 and 6)
simply by multiplying each expression by exp(yh). (All VED components must
also be multiplied by 1/n 2 to satisfy the boundary cuaditions.) The resulting
formulas will be valid for !n21 >> 1 and R2 >> IhIL.

AIR-TO-SURFACE PROPAGATION

The HED, HMD, VED, and VMD field-component expressions for the air-to-
surface propagation case (h > 0, z = 0) can be obtained from the air-to-air
propagation equations (tables 1 and 2) simply by setting z = 0, The resulting
equations are presented in tables 7 a'nd 8., In these tables D2 z2 + h2,
D? = p2 + (d + h) 2 , sin ip = h/D, cos 4 = o/D, sin ýi = (d + h)/Di, and cos -piS1 1

p/Di. These formulas are strictly valid for jn2) >> 1. Hcwever, for most

cases, the requirement that jn 2 j > 10 is sufficient.

Image-theory expressions for the air-to-subsurface propagation case can
be obtained from the sir-to-surface propagation equations (tables 7 and 8)
simply by multiplying each expression by exp(ylz). (All Ez components must
also be multiplied by 1/n 2 to satisfy the boundary conditions.) The resulting
equations will be valid for In2 l >> I and D2 >> z1

2
.

SURFACE-TO-SURFACE PROPAGATION

The (simple form) HED, HMD, VED, and VMD field-component expressions for
the surface-to-surface propagation case can be obtained from the air-to-air
propagation equations (tables 1 and 2) simply by setting both z and h equal to
zero. The resulting equations are listed in table 9. Ia these tables, P? =
p2 + d 2 , sin * i = d/pi, and cos ti = p/pi. These formulas are strictly valid
for Inl >> 1. However, for most cases, the requiremen. that In21 > 10 is
sufficient.

It should be noted that the VMD Hp (and, by reciprocity, the HMD Hz)
image-theory expressions for the surface-to-surface propagation case are only
valid when p >> 6, where 6 is the earth-skin depth. When *.his condition is
not satisfied, other formulas should be utilized for these Lwo field components
(for example, see table 9 of Bannisterl 6 ).

* 10
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Image-theory expressions for the subsurface-to-subsurface propagation
case can be obtained from the surface-to-surface pytpagation equations (table
9) simply by multiplying each expression by exp[-yl(z + h)]. (Thc "ED EO and

I2 H, and the LIED and 10-ID E. components must be multiplied by 1/n&, while the
VED E, component must be multiplied by 1/n , to satisfy the boundary condi-
tions.) The resulting equations will be valid for n1l >> 1 and p 2 >>

1z + hi 2 . It should be noted, however, that more accurate formulas are avail-
able for the subsurface-to-subsurface propagation case when In21 >, 1.16,17

CONCLUSIONS

In this report, we have extended the use of finitely conducting earth-
image theory techniques to any range and have derived formulas for the elec-
tric and magnetic fields produced b) the four elementary dipole antennas for
the air-to-air, surface-to-air, air-to-surface, and surface-to-surface propa-
gation cases. The only restriction on the use of these formulas is that
in2 1 > 10. They are valid at any frequency and at any range for the flat-
earth case. These formulas reduce to the author's previously derived results
when either (1) the Sommerfeld numerical distance is small, (2) the measure-
ment distance is much less than a free-space wavelength, or (3) the measure-
ment distance is much greater than an earth-skin depth,

The results presented in this report can be extended to a multilayered
earth simply by letting d = (2/),,)Q, where 0 is the familiar plane-wave cor-
rection factor employed to account fcr the presence of stratification in the

* earth. 1 3 For a homogeneous ground, the argument of the numerical distance w
is always between 0 and -90, resulting in the transverse magnetic (TM) sur-
face-wave fields varying as 1/p2 as P - -. For a stratified ground, the

argument of w0 can be positive, resulting in the TM, surface-rave fields
varying as l/lT.13

It should be noted that the two m-edia can be inverted and the air

replaced by the earth's crust (of conductivity u 2 and dielectric constant c2
The same equations (tables I through 9) can be utilized as long as In l =

jy2/y~j > 10 simply by replazing iwc 0 by oa + iwc,,

These formulas are intended to supplement the author's recently
derived9 , 1 6 subsurface-to-subsurface and air-to-air propagation formulas. In
terms of computer time, the formulas nresented in these three reports can be
evaluated in fractions of a minute compared with hours fcr the complete numer-
ical evaluation of the exact Sommerfeld integrals.

11/12
Reverse Blank



Tfable 1. Electric-Field Ai

Dipole EPType

I ~e-YOog'
I) , (3 + 3y 0 R0  + y2R2)sin *0 cos *o e-'--%

e-YR

+ (3 + 3yoR1  ÷ y•I R2)sin *1 cos ! RI

VED - -2 3 ÷ 3y0R1 ÷ y R2)sin #, cos *1 R3

1

-YoR 2  -YoRI
S O Cos e cos * e

+ . 2 ,Lzh- -l +,0d
0 R + d + z + h R, + z + h

+ 2A 2 2 e-Y#RI÷~ 0, z C)•,* o1 R3

iw 
u

4w

VwD 0

- (1 +

______ ~ ~/ ____
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ýc-Field Air-to-Air Propagation Formulas (In21 > 10)

E Ez

-p [(1 3- i2*)1+yR)+yR S 4,e ORV
4wwOI RD*0

0 +~S. [(l - 30 )cos **( eYORO+ ,y22CO2 ,,

0 1 R

(1 (1)~wcs (yr0 2)os2 2)2

1 031 R3
Iees ln

L/



Table 1. (Cont'd) Electric-F

Dipole 
E

Type _ _______

3COS 2 (3 1 -1 )(1 + 'y0R 0) -; y2R2 sin2  0*OR 4wisin0

+ ( [ (32  c o s -R 
k~ R ,( y 0 R 1 ) 

2 - y 2 
1 s

n2 2y2R2 [in #1 *( ')F(wII

4w* [l + Y0R)sin *a-#0  0* 4,
-- OR I -- Y- 4

H +(I * 1,yRl)sin F -wR1 (1
eO211) R2+Y

+ e-yOR 2(1 +*Y y 4 e-YORI

R(2+d*d z +*h) -RI(RI + z +h) R2(R2
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"glectrL;-Field Air-to-Air Propagation Formulas (jn 2 j > 10)

E# Ez

Cos *(3 + 3'0RO + y2R2)sin #0 cos R
4wiw 0  0 0 R0

p ( "Yoo - (3+R3yR 1 + r,,R)sin 01 cos* 1
p4I~oi + yoR0+ y2R2)e R(3 +RyR1+r.

4iE00 0 0 R3  R

2 e-YOR 2oR 2R2sin 01 cos 1
-(1.( 

+ 3y0Rj
(I + yORl+,0 isR2)E= y

y 0 R 1  R3 1R
1

2 eIY1 1 2 R1 -Yo(R-R)l s e 2 Cos -y
( 1I. yOR•A) + - -1 -_ e .2- 2.. c1.yo)

n2R d2 R2  Jj 0 R2  d *z + h R- z +h 0

12 -2 2Ftwos *1 Cr..o.R,

1(1 I + oRo)sin *I, (1 y CRo)COs *o

2 00 R

e-YoR2 -yo0R I

* (1 * YoR 2 )sin ER2 + (1 FjyoR1)cos $1 1R2

2R-yo* (1. yo,)e-YOR I (1.-oRl]
e________ ___I__+__(I__ r)F(w)cos *1(y0R1) R2

R2(R2 + d + z + h) RI(RI + z * h) J

Reverse Sla
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Table 2. Magnetic-Field

L

Dipole 
H

-E-[(l + yoRo)cos

VED 0 4

+ (1 - r,)F(w)cos

3 + 3y••Ro y•'•)sin *0 cos *o

-(3-3 0R2 + y~R~)sin * cos* RI

-•'i sini~ 4. I ÷ R2 )sin *2 •p cos 1+

-YoRo
liED - (2÷yoRo)sin* 0  (

e o( 1 + yY o d A ) e e _2_+_Yo R2_22

p sin I

R2(2 d + z + h) RIR z + h R2 (R2  4. d 4. z ÷.

4w [(2 * ( 2 * yoRo) - sin2 R2(3 + 3yOR0 + y2R2)e- OROJ

42 4Rw

HE (I s+n y,(•si # e)e'° o l+.
• [2,•.oR ÷•o2 (1 + reR R )si

-(2 si 2YoR1  yOR - sin2 *1(3 + 3yoR y2 R2)1
+2R2 2 + ÷ R)

[1 + Y,, 0 ([ -,,(1-

+. [(2 +. 2y0RIA) - Sin2 # *3+ 3y0R -+ 22]e-O1

01 _R3
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-Fel ir-to-Air Propagation Formulas (In 2 l I> 10)

UH,

0R )Cos *0 e- '~ (1+r 1 1 Cos *1 eYR

00

)F(w)cos *1 yR) e YOR1]

0 - ~[(1 + y0R0 + y2R2) -sin
2 #0(3 + 3y0R0 + y2R2)J

4w 00 0 00 R

y0R1 2R2 _Y0 Rt 21 -1'
(1I + yyd) 2R2 (- *in 3y)2)]e j

(1 2oO~i a0 Sino R 0yR *

f~ ~ 2 0 0 *~% +( 0 2  4w 0 03 yR2)~

y~~ (3 * yR ~)sin # *OPI-rl weYR
0 1 - T)F)]rR21 R3 \ 2 2

I (I YOR'Zos -17/
_Y0 R 2o+e2).*2lR



Table 3. Electric-Fielc

Dipole E
Type ________

-i- (3 + 3y0RO + y
2R2)sin*Co

4wiWE 0 0  0 0 R30

V E D1 R 2) s i n c o e -YR I
+(3 + 3y 0RI + YO1 1 1 R

ViED 0

p Cos * [(2 + 1DR - sjn2 .z.(3 + yR + ,,2R2)1

HED
-y R1

-[(2 +2y 0R1) - sin2 #( + 3y0Rj -3~~>

__ __ __ _ eYOROI

* 1*Y0RI)sin #1 -2
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:-Field Air-to-Air Propagation Formulas for a -

E# Ez

-.--- f[i1  R + 2R) 2 sin2 
*O(3 , 3y 0 R°

~y2R2) 2R2

0"0Y ) R3  + [(1 yoR1 + yOaR )

00

-sin~ *1(3 + 3y0R1 + Y2R2)] 3-i;-

,Om [(i * R)Cos #0 e--,R

041r c 0i R 2e-•OR1

(1 + yoR )Cos 
ce [_ _ _

S#I +oRo + 2 e Cos 3+ 3y0R0 + y÷R2)sin *0 COS *0
4wiw, 00 + 00 R3 4witec 0  0 0 R3

v22eOR,] 
e-YoRj.

- +. ( yR, ÷ o'-, R + J - (3+ 3yoR1 + y2R)sin C, cos *, R j

iu. 0o Sirl. 0eYRO iW 0"m Cos #It + y"R)cos 0

U, 1 +oRe)Sin Ro 2 4w . R
0 0

____1 + y.1 e-YORI
+ (I + yoRI)sin #1 R! J +]*
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Table 4. Magnetic-Fj

Dipole
Type H

4w

VED 0

r 2 e-ORo

[_ (3 * 3yoR0 + y0 R2)sin to cos *o
4w - 0 0 R03

i0 inyR2)sin *1 cos . e-YYORO

i[• - •sin I + yORo)sin #0e_...
4w R2

SHED 

e e-Y°RI]"

- (1+ y.Ro)sin *1 R2

=• i~ [(2 + 2yoR0 ) - sin2  
.0( .. 3yoR0si+ 0 0  R0

II

HND 4 1 0#0 0 0 0RI,

1 [(2. 2y 0R1) - sin2  * 3y,0R1 + y2R2)]

S~/

II
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ietic-Field Air-to-Air Propagation Formulas for a,

H# Hz

+ ¥oRo)cos 0 R

00

+ YORJeYoR1-#(1 C y R1 )cos 1 R,2 J

-m +cl yoRo y-R2) - sin 2 *3 3yR0R +OI

C,0 YR3

+ 1 1 + y R2) 2 2R )]e 10

-2R2___ sin2 1C0R* sinRI ÷(1R1y -")13

1 ] -YORi

(1+ yoR1 )si n * 0 e Rs - I1 + yoR,)cos * Re 0

S + y0 oR -2e [n 1 3R ( + 2RR)sin *o cos oe-I RRe201]-YR

1_+___+_2R 2 R2- s eYOR 1o

+ (1 + y0R÷ + y 0 R)e- + (3 + 3y 0 R1 + yR2)sin COS Ye RI]
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Table 5. Electric-Field Surface-to-Air Propagai

Dipoe ____

p Cos *e-YOR3+ yRsn+y2B-AR
2wiwe 0R

3  (303 0 ~i 9yRB-A 0

VE {R~e +TO R[(I + y ,,d)e Y0R : Yo R i zYj - R
d ( + Z) Ri(R1 + Ci+fi

Viii 0 4

-1+

pcos #e-YOR J3 DO2p1( )psin

liED 2wa iwc1)R
3 1~ 0os 2wa + )l+y

2R2[1 -. eyo(RE-R)] + n 2R2 (sn B) + 2R2

y~n cos #e" R , sin # - y2R2nB 4

(I +FC yod)e T0R -~y0R1

dl R(R+z)- R1(R. *d +z)+

R(i

LI
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toAir Propagation Formulas (1n2 : > 10), [R2 =p
2 
+Z

2, R? p2 + (d + Z)2]

E E

0 -e -Y.-( R 3 sin2 *)(I y0R) +y2R
2A COS 2 *

2iriwcR 3 0

Fwt -YOR
01+ y R)cos e 2

-(I1+ YO R1)cos *i RP2

p s _e-Y RY~p cos *cos *e-YOR RA +R3eTYOR
2wa iwOCI)R 3 1(1 + y0RA) 2al+ iWEI)R 2  0~I d

dR2  r R. - 0 R [(I + y0d)e e 0YOR eIOi ] - Ii
I d~j ~ -)1 11 R(R + z) R.(R. + d + z)J Yj

iwp 0 a sin [ eyOR

+ ( + y0R)i ,y 2~~im cos # cos #-O

R2  Z w(c1 + iwFc1)R
2  ( 0 A

+1 + Yr dA)e-R e -YORk

R(R + z) Ri(R. + d + z)]______________________ 
___________
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TabY , 6. Magnetic-Field Surface-to-Air Propagation F

DipoleH
Type Hp

VED 0 p cos #e-¥OR

2wR2

m_4 [(3 + 3yoR + y2R2 )sin * cos *

(3 + 3yoR + y2R?)sin• Cos e -S *

psin* (1+ y R )i -Y- -YR
4w 0 i R-. p cos *e-

2wy¥
1R3

liED (+ si; e-YOR

li0 - (( + oR)sin - r (l+yod)e-

(1 + y'dA)e -YOR eOR3 R(R + z)

R(R + z) Ri(R. + d z)

* sin * 2e-O
4a R3 [2 + yoR(I + A) - sin2 #(3 + Sy0R + y2 R2 )]

• cos* 1 (1
-ioR3  -ND + [(2 + 2yoRi y2R -_sin2 #i(3 + 3YoRi +yoR?)] R

2R ) 2 ¥oR , + (I + y 0Ri)et
- [(2 + 2y 0 R yR 2 ) - sin2 (3 + 3yoR + y2R2 )] e3R(
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to-Air Propagation Formulas (In 2 I > 10), [R 2 = p 2 + z2, R? = p2 + (d + L)2]

H Ho
p cos te-Y•OR +- A

(1l+ YoRA)
2wR2

- [(1 + y0 R + y2R2) - sin2 *(3 + 3yoR + yoR2 ) e R

- [(l + y0Ri + y2R?) - sin2 *.(3 + 3y R. + y2R?)o e-- i
01 1 01I 0 1 R?1

p cos *e -yOR 2R2A
27ry1R

3  0 i

R s _ _ (I+ R)Cos

1(I + YOd)eYO eY 0Ri 4w +L oR 0 0'i'~1 RJ

R(R + z) Ri(R 1 + d + z

+ CosR # 3R!L S yOR
I + y 0R + 2Ay 2 R) m sin y 2R 2 )sin # cos4w 14 303 pR+y0R

(IeyORi 1e-YoRi1
+ (1 + o J + (3 . 3yoRi + 'f2•R)sin *i o Rco#
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Table 7. Electric-Field Air-to-Surface Propagatio

DipoleE
Type

y1p cos *e:YOD{ y D i - - 3 + 3 2 2

VED + I ~3 0

+D3eY'D +y ~-YO D e-YO0i YO__ D

dD ( D + h ) Ii D + d +D }

(1 + yr D i)Cos

p Cos #- O2D 
i e'

HD 2z(al + (w,) 3 1 os 1 )(1 + y0D 
2w(al + iw~1)D

3

2D2 [ (Di-D] 2yR2(sin B) 2D2  D e

y acos #e~ o 
4 wr

I_______ 2D2Ailo
2w(oi + iwae,)D

3 y 0 A

dMe I Y0D 11- ( I + y o D) S .Lan

+~~ 0(D+y0 )e eYODi

d D ( + h Di(D + d+ h)(1+ yO dA)e

D(D + h)
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irface Propagation Formulas (:n. i', P h-. j (d hlh]

aD A cos: 4'd

4w I-y O~o D2

00
e~D]

0 (1 D20 .co '

p sin #e 0  1(1 +y ODA) - wW D O OS4C13 3 3'r0D)sln 4'4Yo
2a + iwe1)D

3  2w 0D [
2D2 r T e -YO I(DYiD 0 ~d)e O eYO~i ] I

ý2 D. - 'O d[ D(t) h) D i(D~ d h)j YOjj

+ 0 cin * 'vD2)i 0 OA

-Yo

(1 y 0dA)e
0  

____________

D(D +h) Di(D. *d +h)
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Table 8. Magnetic-Field Air-to-Surface Propag~

Dipo___________

VED 0p COS #eYOD

[,(3 + 3yD + y2D2)Sin #COS #

+ (3 + 3 + 'r2D?)sin *i COS Vi1

p "' [l4vDsin e * 0

4w (1 + yoD)sin # D2~

HE ( y0isi iD 2 2y1 D 3s

* sin y,

D( + 0~ h) A) - sin *( + dy 0 + h)]

D.O~
a- in #1S- O 2[2 2 0 + 4902)) s n -#i3 3y D +D *y2 2 D2

4 1 01 1 0 1 0 0~~4

-[(2 + 2y0D + y2D
2) -Sin

2 #(3 + 3y0D + 2Do2)je-YTOD

0 0 DI[
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Ie Propagation Formulas (In21 > 10), [D2  p2 + h2 , D? = p2 + (d + h) 2 ]

H, Hz

-yOD
I + YODA) 0

SM (1 + y D + -y2D2) - sin2  Va(3 + 3yoD + yfDZlle D

04w[( 0 0 0 0 D

+ 2D2) ]e-¥ODi

- [(1 + y D + y2D?) - sin2 *i(3 + 3yoD. + y01i 01 10 01 Di

ee -y0D ID3e+D(1 + yed)eo0D 1l
ID3 d L D(D + h) Di(D. + d +h)(I + yoD)cos e - (1 + YoD)cos eYODi

- L4r D--- 0 -D-

in -y2D2nBf

(1 + y D + 0 -Y 0D D.)e - [(ll 3 + 3y 0D + y2D
2)sin * cos # * - O[ + y OD + 2Ay2D2) D + + 0 i4o

0 0 D3  
1 ?-yD

- (3 + 3y D. + y2D?)sin Cos e 01
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Table 9. Surface-to-Suzrface Propagat:

Dipole E
Type E

1i peYO k- + *P-

-E 2w(ci + iuic1 )0
2 

Pi

* YOPF(Vo) 01ui~

VN6 0 02 0 (

- 1*yP.)cos e 1yp
+ Y1 P?

HD 2w(o, iwci)p 0 P~o 2xo icpj 1 0- wc wlp e-

Zl2 . 32y (1 r- s + L i - e- YO( P F- +] cOF~ os *e

J7jP d2  Pi

Y1 3 2Cos #e-YP T -fOi' Y1U asin *e-Q PF w

HN* 2w(u, + "iwc)P Lpi C 21(oi +2, cos #e- I + y pF) c

2 -
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~oaation Forpalas (1n2 l 10). (p? p
2 
+d

2
, COS *.*P/P * sin *. d/P.

*Yp02F(w0 )] 0 ____ .YpFO ) 0
02wp2 y0 P(w0

asin #iCS#e-oi4 y0  )-3-

(33yp P+y 2p2) 0
+ i -(1 y2 2)

01 0

-- 'yoor -Y (P.-v) -Topn

p siIeYpCS# -SLA ( o)
sin~p-P [2ry Iyo pF(w 0) -y(P - v .1 pi4

4, 2rP1.-- 4,] esn si* +ot.( *o +y p. + yF
-_L) 0 1 (1 +

si #( 2 + sin2 *.)(1) * y p.)e 4w .vp].... (1 r3)

1 01 O1~ 0 1 i
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Appendix

USEFUL APPROXIMATIONS WHEN R >> jdj

R d2( 1  2 1 sin i 2
(

2R~

R d- 2 2R, sinn2

R-) - + 4 sin2  P1  (A-2)

R 3d 2 2R1  s in •1 - sin 
2  ( -

\R2/

R ;d2 ( 2R1 sin
-R2) 1 _21 id - 7 sin2  (A-5)

and

' 2R 2n2 sin2 •(Rsin d cos 2 1 y 1 i 2 -6)
(R2 -R1 ) - 1d + I+ - (A2Yod\R2R2 +R(A6

For Kýl(z + h)l - 1 (i.e., 12(R /d)sin >> 1),

R xd sin (A-7)
R21 R1

and

e- _•o(R 2 _ R 1) d sin
1 - YoR1 _ (A-8)

Some other useful approximations are

cos ,s2eYoR2 (1 + Yo d)cos ipe YOR1 e- YoRI (A9)

R + d + z + h ti + z + h d cR R2
2A-1

A-i
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[ -0R2 (1 +"~~-OI '0(-0

_i + -. . de _R_

R2(R2 + d +z + h) RI(R + z + h) 0

_ _ - + d (1 + Y1R IA )A

R2 (R2 + d + z + h) RI(R, + z + h) 0R e

2(R2 r R2-e-RR

1 +R 2 )sin eR2 (1 + y oR sin + y R

-?R2

desin2  (3 + 3YoR1 + y.R2)

( 1 + R SM R) - (1 )sin e YORI

2 1 (A- 13)

de )OR IR.
3 (1 + y R )-sin 2  (3 + 3y R + y2R
R10 1 1 0 1 0 1

and

e-yoR2  e-R•;•*(1 + yoR2 )cos " 2 R (1 + "yoR 1 )cos *' •

" ~(A-i4)

d sin cos -1t0R3 + 3y + y-R )

where

R2 = 02 + (z + h)2,

R2 = + (d + z + h)2,

sin = (z + h)/R!,

cos Y1 = p/R1,

sin ý2 = (d + z + h)/R 2 , and

COS "2 = o/R2.

A-2



INITIAL DISTRIBUTION LIST

Addressee No. of Copies

DARPA 3
DTIC 15
ONR (Code 425GG (J. Heacock), 42810 (R. G. Joiner)) 2
ASN (T. P. Quinn (for C3 ), H. Hull (Rm SE 779) 2
NRL (Library, Dr. .1. R. Davis (Code 7550), Dr. Frank Kelly) 3
NOSC (Library, R. A. Pappart, D.G. Morfitt, J. A. Ferguson,

J. Bickel, F. P. Snyder, C. F. Ramstedt, P. Hansen,
K. Grauer, W. Hart) 10

NAVELECSYSCOM (PME 110-11 (Dr. G. Brunhart), PME llO-Xl
(Dr. Bodo Kruger), PME 110) 3

NAVAL SURFACE WEAPONS CENTER, WHITE OAK LAB. (J. J. Holmes,
P. Wessel, K. Bishop, R. Brown, J. Cunningham,
B. DeSavag e, Library) 7

DWTNSRDC ANNA (W. Andahazy, F. E. Baker, P. Field, D. Everstine,
B. Hood, D. Nixon) 6

NAVPGSCOL, MONTEREY (0. Heinz, P. Moose, A. Ochadlik,
M. Thomas, W. M. Tolles, Library) 6

NCSC (K. R. Allen, R. H. Clark, M. J. Wynn, M. Cooper, E. Moritz, 5
Library)

DIRECTOR, DEFENSE NUCLEAR AGENCY, RAAE, DDST, RAEV 3
R&D Assoicates, P.O. Box 9695, Marina ael Rey, CA 90291

(C. GREIFINGER, P. Greifinger) 2
Pacific-Sierra Research Corp., 1456 Cloverfield Boulevard,

Santa Monica, CA 90404 (E. C. Field) I
Johns Hopkins University, Applied Physics Laboratory, Laurel. MD

20810 (L. Hart, J. Giannini, H. Ko, I Sugai) 4
University of California, Scripps Institite of Oceanography

(C. S. Cox (Code A-030), H. G. Booker, j. Fialoux, P. Young) 5
Lockheed Palo Alto Research Laboratory (W. Imhof, J. B. Reagan,

E. E. Gaines, R. C. Gunton, R. E. Meyerott) 5
University of Texas, Geomagnetics and Electrical Geoscience

Laboratory (F. X. Bostick, Jr.) 1
COMMANDER, AIR FORCE GEOPHYSICS LABORATORY (J. Aarons) I
COMMvANDER, ROME AIR DEVELOPMENT CENTER (J. P. Turtle,

J. E. Rasmussen, W. I. Klemetti, P. A. Kossey,
E. F. Altschuler) 5

Applied Science Assoicates, Inc., (Dr. Gary S. Brown)
105 E. Chatham St., Apex, NC 27502 1

Computer Sciences Corp., Falls Church, VA 22046 (D. Blumberg,
Senator R. Mellenberg, R. Heppe, F. -. Eisenbarth) 4

MIT Lincoln Labs. (M. L. Burrows, D. P. 6hite, D. K. Willim,
S. L. Bernstein, I. Richer) 5

Electromagnetic Sciences Lab. SRI International, Menlo Park, CA
94015 (Dr. Pavid M. Bubenik) I

Communications Research Centre (Dr. John S. Belrose)
P.O. Box 1i490, Station "H" Shirley Bay, Ottawa, Ontario,
Canada K2H8S2 1

Dr. Joseph P. deBettenceurt, 18 Sterling St., West Newton,
MA 02165 1

Dr. Marty Abromavage, IITRE, Div. E., lOW 35th St., Chicago,
IL 60616 1



INITIAL DISTRIBUTION LIST (Cont'd)

Addressee No. of Copies

Mr. Larry Ball, U.S. Dept. of Energy NURE Project Office,
P.O. Box 2567, Grand Junction, CO 81502 1

STATE DEPARTMENT ACDA MA-AT, Rm. 5499, Washington, DC 20451
(ADM T. Davies, R. Booth, N. Carrera) 3

GTE Sylvania, (R. Row, D. Boots, D. Esten) 189 B. St.
Needham, MA 02194 3

,U IV-.I V Lv ),Y, I oIY, UU I U , I K~dy LdU. kyrof. K. W. F. King,Prof. T. T. Wu) 2

University of Rhode Island, Dept. of Electrical Engineering

(Prof. C. Polk) 1
University of Nebraska, Electrical Engineering Dept.,

(Prof. E. Bahar) 1
University of Toronto, EE Dept. (Prof. Keith Bdlmain) I
NOAA/ERL (Dr. Donald E. Barrick) I
University of Colorado, EE Dept. (Prof. Peter Beckmann) 1
Geophysical Observatory, Physics & Eng. Lab. DSIR Christchurch,

New Zealand (Dr. Richard Barr) I
General Electric Co., (C. Zierdt, A. Steinmiyer) 3198 Chestnut

St., Philadelphia, PA 19101 2
University of Arizona, Elec. Eng. Dept., B dg. 20

(Prof. J. W. Wait) Tuscon, AZ 85721 1
U.S. NAVAL ACADEMY, Dept. of Applied Science (Dr. Frank L. Chi) 1
Stanford University, Radiescience Laboratory (Dr. A.'thon,.

Fraser-Smith), Durand Bldg., Rm. 205 1
Stanford University, Stanford Electronics Laboratory

(Prof. Bob Helliwell) I
Colorado School of Mines, Department of Geophysics

(Prof. A. Kauf,,an) 1
Prof. George V. Keller, Chairman, Group Seven, Inc., Irongate II,

Executive Plaza, 777 So. Wadsworth Blvd.. Lakewood,
CO 80226 1

NOAA, Pacific Marine Environ, Lab. (Dr. Jim Larsen) 1
* MIT, Dept. of Earth/Planetary Sciences, Bldg. 54-314

(Prof. Gene Simmons) 1
Colorado School of Mines (Dr. C. Stoyer) 1
University of Victoria, (Prof. J. Weaver) Victoria, B.C.

VSW 2Y2 Canada 1
Mr. Donald Clark, c/o Naval Security Group Command, 3801 Nebraska

Ave., NW, Washington, DC 20390 1
Prof. R. L. Dube, 13 Fairview Rd., Wilbraham, MA 01095 1
U.S. Geological Survey, Rm. 1244 (Dr. Frank C. Frischknecht)

Denver, CO 80225 1
Mr. Larry Ginsberg, Mitre Corp., 1820 Dolly Madison Bldg.

McLean, VA 22102 1
Dr. Robert Morgan, Rt. 1, Box 187, Cedaredge, CO 81413 1
Mr. A. D. Watt, Rt. 1, Box 183 1/2, Degaredge, CO 81413 1
Dr. E. L. Maxwell, Atmospheric Sciences Dept., Colorado State

University, Fort Collins, CO 1
Mr. Al Morrison, Purvis Systems, 3530 Camino Del Rio North,

Suite 200, San Diego, CA 92108 1



iNITIAL DISTRIBUTION LIST (Cont'd)

Addressee No. of Copies

NDRE, Division for Electronics (Dr. Trygve Larsen)
P.O. Box 25, Kjeller, Norway I

Belden Corp., Technical Research Center (Mr. Douglas O'Brien)
Geneva, Illinois I

University of Pennsyivalia (Dr. Ralph Showers) Moore School of
Elecz Eno.- Phil;ad lphia, DA 1917.4 1.

University of Houston, Director, Dept of Elec. Eng.

(Prog. Liang C. Shen) I
The University of Connecticut, Physics Dept., (Prof. 0. R.

Gilliam), Storrs, CT 06268 1
Dr. Davia J. Thomson, Defence Research Establishment Pacific,

F.M.O., Victoria, B.C., Canada I
Dr. Robert Hansen, Box 215, Tarzana, CA 91356 1
"The University of Kansas, Remote Sensing Laboratory

(Prof. R. K. Moore) Center for Research, Inc., Lawrence,
Kansas I

OT/ITS U.S. Dept. of Commerce (Dr. David A. Hill), Bouilder, CO 0
Office of Telecommunications, inst. for Telecommunications

Services (Dr. Douglas D. Crombie, Director), Boulder, CO
University of Colorado, Dept. of Electrical Eng.

(Prof. David C. Chang) I

Dr. K. P. Spies, ITS/NTIA, U.S. Dept. of Commerce I
The University of Connecticut, Dept. of Electrical Eng. &

Computer Sci., Storrs, CT (Prof. Clarence Schultz,
Prof. Manmond A. Melehy) 2

Dr. Richard G. Geyer, 670 S. Estes St., Lakewood, CO I
University of California, Lawrence Livermcre Lab.,

(R. J. Lytle, E. K. Miller, R. J. King) 3
Kings College, Radiophysics Group (Prof. D. Llanwyn-Jones)

Strand, London WC2R 2LS, England I
Istituto di Electtrotechnica, Facotta di 'ngegieria

(Prof. Giorgio Tacconi) Viale Combiaso 6, 16145 Genova,
Italy I

Universite des Sciences de Lille (Prof. R. Gabillard)
B. P. 36-59650 Villeneuve D'Ascq, Lille, France 1

Arthur D. Little, Inc., (Dr. A. G. Emslie, Dr., R. L. Lagace,
R&D Div., Acorn Park, Cambridge, MA 02140 1

University of Colorado, Dept. of Electricai Eng.
(Prof. S. W. Maley)

University of Washington, EE Dept. (Prof. A. Ishimaru) Seattle 1
Dr. Svante Westerland, Kiruna Geofysiska Institute

S981 01 Kiruna 1, Sweden I
Dr. Harry C. Koons, The Aerospace Corp., P.O. Box 92957,

Los Angeles, CA 90009 1
Dr. Albert Essmann, Hoogewinkel 46, 23 Kiel 1, West Germany I

Glenn S. Smith, School of Elec. Eng. Georgia Tech. Atlanta, GA I
Dr. T. Lee, CIRES, Campus Box 449, University of Colorado I
Dr. Jack Williams, RCA Camden, Mail Stop 1-2, Camden, NJ 08102 1
Dr. Joseph Czika, Science Arplications, inc., 84G Westpark Dr.

McLean, VA 221GC
Mr. Arnie Farstad, 390 So. 69th St., Boulder, CO 80303 1



K 
INITIAL DISTRIBUTION LIST (Cont'd)Addressee 

No. of Copies

NATO SACLANT ASW CENTER (Library)
USGS, Branch of Electromagnetism and oeomagnetism(Dr. James Towle) Jenver, CONOAA, Pa'ific Maine Environ. Lab. (Dr. Jim Larsen)
University of Texas at Dallas, Geosciences Division.t n-. A...-, , •, . - d, ) -

University of Wisconsin, Lewis G. Weeks Hall, Dept. ofGeology and Geophysics (Dr. C. S. Clay) 
I

Argonne National Laboratory, Bldg. 12 (Dr. Tony Vallentino) IIITRE, Div. E, Chicago (Dr. Marty Abromavage) 
iThe University of Manitoba, Elec, Eng. Dept. (Prof. A. Mohsen) 1Mr. Jerry Pucrilo, Analytical Systems, Engineering Corp.,Newport, RI 02840 
1Or. Misac N. Nabighian, Newmont Exploration Ltd., Tuscon IDr. Frea Raab, Pohemus, P.O. Box 29P, t,_ex Junctioi, VT 05452 1Dr. Louis H. Rorden, President, Dev lco, .nc., 404 Tesman Dr.

Sunnyvale, CA 94086Dr. Eivind Trane, NDRE, P.O. Box 25, 2007 Kje!ler, Norway 1RCA David Sarnoff Research Center (K. Powers, J. Zannel,L. Stetz, '. Sta-as) 
4University of Iiinois, Aeronomy Laborator,, 'Prof. C. F. Sechri.zt) IDr. Culilen A. ,-rain, Rarcl (orp., Santa '.(t:ca, CA 
1Radioastrono-isches Insticute der Universitýt Bonn(Dr. H. Vc'ind), 5300 Bonn-Fndenichc, Auf dem Hiiael 71

S~'-.'e 
st Germany

Dr. John P. Wikswo, Jr., P.C. i1ox 1?0062 Acklen Starjon,Nashvi 1 'e 
1Mr'. Lars Brock-Nannestad, DDRB Osterb:'ooades Kaserne,L SOO CVopenhagen 0, Denmark* Instit-t oe Physique du Globe tDr. Edonard Selzer) 11 Quai St.,

Bernard, Tour ?a Paris Ve, FranceEiektrophysikaliscnes :nstitdt (Dr. Hprbvert Kdnig) TechnischeK;ochschule, A-cisstasse 21, 8 Munich 2, West Germany 1Raytheon Company (Dr. Mario Grossi' Portsmouth, RINISC, Code GOw 'Mr. M. A. Koontz) Wa~sn½nPton, DCPo, pchr,'(c Inst'tute of Srookiyn (Prof. Leo Felsen)NOA/E?. (br. Earl E. Gossard) R45XI, Paoulder, CO 80302Dr. George H. Hagn, StI -Washington, Rosslyn Plaza, Arlington, VA 1NlYA/ERL (Dr. C. CGordon Lit:le) R45 
IGdddard Space Fjight Ctr. (Dr. S. j. Durrani) Code 800.1 1ITS, Office of feiecon (Dr. Ken Steele) Boulder, CO 80302 1NT.A/ITS, U.S. Dept. of Co~moerce (Dr. A. D. Spaulding) IStanford University, Elec. En,. Dept. (Dr. 0. G. Villard, Jr.) IDr. D. Middlet3n, 127 East 91st St., New York, NY 10028 1University of California, Elec. Eng. & Computer Sci. Dept.,Prof. K. K Mei)

California Inst. of Technology, Jet Propulsion Lab.,,(Dr. Yahya Rahmat-Samii)



INITIAL DISTRIBUTION LIST (Cont'd)

Addressee No. of Copies

Raytheon Service Co. (Dr. M. Soyda) Mt. Laurel, NJ 08054 1
MITRE M/S W761 (Dr. W. Foster) McLean, VA 1
Max-Planck-Institut fur Aeromomie (Prof. P. Stubbe)

3400 Katlenburg-Lindau 3 FRG I
University of Otaao. Phvsir- Dpnt. (Prnf P I- flnwdPn)

Dunedin, New Zealand 1
University of Leicester, Piysics Dept. (Prof. T. B. Jones)

Leicester, England 1
Naval Weapons Center, China Lake, Code 3814 (Dr. R. J. Dinger) 1
Dr. Claudia D. Tesche, Lutech, Inc., P.O. Box 1263, Berkeley I
National Aeronautical Est., National Research Council, Flight

Research Lab., (Dr. C. D. Harwick) Ottawa, KIAOR6, Canada 1
Colorado Researcn and Prediction Laboratory, Inc.

(Dr. R. H. Doherty, Dr. 3. R. Johler) Boulder, CO 2
University of Alberta, Physics Dept. (Prof. R. P. Singh)

Edminton, Alberta, Canada I
ARF Products Inc., (Mr. Larry Stolarczyk), Raton, NM I
NAVSEA, Code 63R I
Rockwell Int'l Space Transportation Division,

(Dr. David G. Aviv), Mail Stop AA-8l, 12214 Lakewood Blvd.,
Downey, CA 90241

Arizona State University, School of Engineering,
Dept. of Electrical and Computer Engineering,
(Prof. Constantine A. Balanis), Tempe, AZ 35287 1

University of Massachusetts, Dept. of Electrical ano Computer
Engineering, (Prof. Robert E. McIntosh), Amherst, MA 01003 1

Cairo University, Faculty of Engineering Electronics & Comm. Dept.,
(Dr. Samir F, Mahmond), Giza, Egypt 1


